Electrophysiological studies of the rodent hippocampus show that repeated seizure activity has a profound, deleterious effect on an important form of synaptic plasticity (long-term potentiation, LTP) which has been suggested to underlie memory formation. It appears that seizure activity incrementally causes an indiscriminate and widespread induction of long-term potentiation, consuming and thereby reducing overall hippocampal plasticity available for information processing. Consistent with this finding, severe deficits in a form of learning known to be mediated by hippocampal function are observed in rat subjected to repeated electroconvulsive seizures (ECS).' The effect on synaptic function gradually resolves over a period of around 40 days, paralleling the time course of the transitory cognitive impairment seen following electrical seizure induction (ECT) in humans being treated for severe affective disorder. The effect is likely to be mediated by NMDA receptor activation during seizure activity, as the phenomenon can be prevented by the administration of a non-competitive NMDA receptor associated channel blocker (ketamine) immediately before seizure induction. The mechanisms described may account for the inter-ictal cognitive disturbance observed in patients suffering from poorly controlled epilepsy.
INTRODUCTION
Cognitive dysfunction has long been known to accompany seizure activity. Structural cerebral abnormalities which underlie the epileptic focus often directly cause cognitive dysfunction. However, epileptic foci arising distant from those brain structures known to be involved in learning and memory may also be associated with disorders of learning and memory. Indeed, in experimental models in primates, excision of epileptic foci may improve cognitive function'. How does seizure activity disturb the learning and memory function of otherwise healthy brain tissue outside the epileptic focus? The fact that the artificial induction of seizure activity in the course of electroconvulsive therapy for severe depressive regularly and reliably disturbs cognitive function in patients who do not have epileptogenic brain lesions may help to provide an understanding of the neural basis of this process.
The neuropsychological effects of ECT
ECT is a safe, effective and rapidly acting treatment for severe affective disorder, which has been in regular clinical use for over 50 years.
Although there is no evidence that ECT causes structural brain changes2, it profoundly but transiently impairs memory function. Patients experience a post-ictal confusional state briefly after treatment, a degree of retrograde amnesia for events immediately prior to treatment, and a difficulty in learning new material which persists for 3-6 months after a course of treatment3. The effect on anterograde memory function accumulates over a course of individual seizure inductions. These adverse effects are, however, greatly outweighed by the benefits of rapid recovery from the severe psychotic, depressive state for which ECT is indicated. Although ECT-induced amnesia is time limited, it is sufficiently long lasting that further seizure activity within a 3 month period would be likely to produce an apparently permanent amnesic syndrome. While this does not occur in the planned seizure induction which occurs in the treatment of depressive disorder, an analogous situation may arise in uncontrolled epilepsy, or in epilepsy poorly responsive to treatment. It has been suggested that undetected, subtle, on-going ictal activity may account for lasting cognitive impairment in poorly controlled epileptics.
Here, however, we consider the alternative possibility that seizures might cause a secondary perturbation of neural function in otherwise healthy brain tissue which, though long lasting, might be ultimately reversible.
Background-memories are made of this It has long been postulated, most notably by Donald Hebb4, that lasting changes in strength of connections between neurones (a form of plasticity) might underlie memory formation in the brain. From a theoretical viewpoint, Hebb suggested that this strengthening process be contingent on the conjunction of activity in preand post-synaptic elements. In this way, the co-occurence of neuronal events might be recorded in networks of neurones and used as the building block for memory representations in the brain. The discovery of an electrophysiological phenomenon known as long-term potentiation (LTF) provided a plausible biological candidate for just such a process. LTP is a form of synaptic plasticity which can be demonstrated artificially in the brain by stimulating pathways at high frequency. It not only represents a durable increase in the strength of connection between elements in neural circuits, but is also established rapidly, lasts for a long time (at least weeks) and depends on conjunctive input along different input pathways. Activation of a specific subclass of excitatory amino acid (EAA) receptor, the N-methyl D-aspartate (NMDA) receptor, is essential for the induction of this form of plasticity6. The receptor is a complex molecular entity consisting of several ligand binding sites surrounding a 'gated' ion channel. Under special conditions, the binding of an NMDA receptor ligand (e.g. glutamate)
will activate the ion channel and thus permit calcium and sodium ions to enter the cell. The calcium current constitutes the 'signal' which translates the activation of the NMDA receptor into the cellular changes which underlie LTP.
In order to appreciate the specialized role played by the NMDA receptor in excitatory neurotransmission, it is necessary to consider its distinctive properties. The ion channel associated with the receptor is described as being both 'ligand-gated' and 'voltage-gated'. That is, in order for an ionic current to flow through the channel, not only must the required agonist be present, but the cell membrane must also be depolarized. The voltage gate arises because, at the membrane resting potential, the ion channel is 'blocked' by magnesium ions which prevent current flow. When the cell is depolarized, the relative increase in positive charge within the cell repels the magnesium ion out of the channel, allowing calcium and sodium ions to enter. This dual requirement for both activation by the ligand (following presynaptic activity resulting in glutamate release) and sufficient membrane depolarization (post-synaptic activity) confers upon the NMDA receptor the ability to act as a detector of co-incident pre-and post-synaptic events.
Several, though not all, studies have strengthened the proposed link between LTP and learning and memory. First, NMDA receptor antagonists which block induction of LTP in the hippocampus in uiuo also block the acquisition of a spatial learning task in rats' in a dose-dependent manners. Second, mutant mice which lack a gene controlling LTP (alpha-CaMKII) also fail in spatial learning tasks'.'". Third, there is evidence that driving synaptic plasticity in the hippocampus of the rat to an experimental maximum by repeatedly inducing LTP ('saturation' of LTP) occludes formation of new spatial memories"~'z.
In addition to their proposed involvement in learning and memory, evidence is accumulating that excitatory amino acid receptors also play a central role in such pathological states as epilepsy and a variety of neurodegenerative disorders13. Abnormalities in excitatory amino acid neurotransmission have been implicated in the initiation, spread and maintenance of the abnormal electrical events which underlie seizure activity. NMDA receptor antagonists inhibit seizures produced in a wide range of different animal models of epilepsy, demonstrating both antiepileptogenic and anticonvulsant actions. Alterations in excitatory amino acid receptor function have been described in tissue surgically removed from patients with intractable complex partial seizures. Excitatory amino acids may therefore play a dual role in both epilepsy and cognitive dysfunction. As Richard Morris has pointed out, a little learning is truly a dangerous thing-the potential for excitotoxic damage being, perhaps, the evolutionary price to be paid for highly responsive, plastic neural mechanisms.
Drawing these various threads together, we hypothesized that electrically induced seizures might disrupt cognitive function by interfering with NMDA receptor-mediated synaptic plasticity in the hippocampus and other brain structures involved in learning and memory. any effect on LTP in the intact rodent hippocampus".
Measurement of LTP
LTP is conventionally studied in the hippocampus of intact anaesthetized rats by placing a stimulating electrode in the perforant path from the entorhinal cortex (a major input pathway to the hippocampus) and a recording electrode in the dentate gyrus of the hippocampus [see Fig. l(a) ].
In this way, changes in the synaptic connection strength (i.e. LTP) can be studied in a hippocampal subfield (the dentate gyrus). Stimulation of the perforant path typically elicits a field potential in the dentate gyrus, the major component of which is an excitatory post-synaptic potential (EPSP), an analogue signal which can be digitized and recorded by computer for subsequent analysis. The EPSP represents the summed activity of large numbers of dentate gyrus granule cells which are monosynaptically connected to the perforant path. In a typical LTP experiment, EPSPs are first elicited regularly by stimulation at low frequency to establish a baseline level of response. The synaptic connection is then potentiated (LTP is induced) by brief stimulation at high frequency. The effects of the burst of high frequency stimulation are then observed and measured by further stimulation at low frequency. Induction of LTP in this way results in a . The degree to which the EPSP changes shape following LTP induction is therefore a measure of the capacity for synaptic potentiation in the hippocampal subfield under study.
ECS and LTP
In order to determine whether ECS had any impact on LTP, we compared the electrophysiological effects of repeated, spaced electrical seizure induction with single seizure induction and a control condition. Male hooded Lister rats were randomly assigned to three groups: Group rECS (n = 9) which received 10 ECS applications under inhalational halothane anaesthesia, one application every 48 hours; (in the manner of clinical application of ECT); Group SHAM (n = lo), which received repeated halothane anaesthesia as in Group rECS, but without seizure induction; and Group sECS (n = 8) which received 10 spaced anaesthetic sessions, the last of which was accompanied by a single seizure induction. All groups were therefore exposed to identical handling and anaesthesia, differing only in the number of ECS applications received (10,l or none). ECS was induced using a purpose built stimulator, set to deliver (150 V, 50 mA over 2 s via ear clip electrodes. These parameters consistently elicited a full tonic-clonic seizure in all subjects.
Electrophysiological measures were conducted 24 hours after the last seizure or sham treatment, blind to the group assignment of subjects. The early rising EPSP slope (mV/ms) of the waveform was recorded [see Fig. l(b) ] and analysed. Percentage change following LTP induction was calculated for each subject by comparing the mean value derived from the final 10 samples (measured 30 minutes after tetanus) with the baseline mean derived from the last 10 samples recorded before tetanus. Statistical analysis throughout was conducted using analysis of variance with repeated measures, with Newman Keuls post hoc comparisons where appropriate (significance level: P < 0.05). Results are shown in Fig. 2 .
The degree to which LTP could be elicited (as determined by percentage change in EPSP slope) in subjects receiving repeated ECS (Group rECS) was considerably and significantly less than that induced in control subjects (Group SHAM) and in subjects who had received only one seizure (Group sECS). (mV/ms) recorded 30 minutes after LTP induction in each group were as follows: rECS 11.1%; SHAM 24.6%; sECS 24.4%
It seemed clear that repeated seizure induction had a profound impact on hippocampal LTP and that the effect lasted at least 24 hours. On the other hand, single seizure induction had no detectable lasting effect. This finding is in accordance with the clinical characteristics of ECT in humans, and meets the important stricture that effects of ECT observed in clinical studies are only likely to be explained by biological changes which develop after more than one seizure15.
The question arose, however, as to how repeated ECS produced the effect. A review of the data provided an important clue. In the course of the experiment, we noticed that EPSPs elicited from animals subjected to repeated seizures differed from those obtained from control subjects prior to the induction of LTP. Formal analysis of absolute EPSP slope indicated that this parameter had been elevated significantly above control values in the rECS group, presumably as a consequence of the seizure activity [see Fig. 3(a) ]. This finding implied that the reason for the reduction in the amount of LTP induced in the rECS group might be because ECS was itself inducing LTP and thereby 'saturating' the mechanism. This would decrease the overall amount of plasticity available in the hippocampus as observed. Fig. 3(b) showing representative waveforms from SHAM and rECS groups before and after attempts to induce LTP, illustrates this point. We concluded that ECS altered synaptic plasticity in the hippocampus by indiscriminately inducing LTP such that the capacity for further synaptic potentiation (as is hypothesized to occur during learning) was gradually consumed. In this study, chronically implanted rats were used in order to follow EPSP changes throughout a series of 10 spaced ECS applications. Two weeks after electrode implantation, subjects were assigned randomly to two groups. One group (ECS, n = 6) received 10 ECS applications, one every 48 hours under halothane anaesthesia, while the other (SHAM, n = 5) received equivalent handling and anaesthesia, but no seizures were induced. Recordings (mean of 20 waveforms) were made 24 and 48 hours after each of the 10 treatments. The EPSP slope was expressed as a percentage increase over the baseline mean.
The results of this study are shown in Fig. 4 . While in the SHAM group the EPSP slope remained stable over time, it was incrementally elevated seizure by seizure in the ECS group, tending to reach a plateaux after 4-5 seizure inductions.
The effect was highly significant statistically. Interestingly, lasting effects (up to 48 hours) were only observed after several seizures had been induced, extending the earlier observation that the effect of a single seizure differed from that of repeated seizures. These electrophysiological findings are consistent with the gradual and cumulative effect of ECT on neuropsychological function described in human subjects undergoing ECT treatment, and serve to underline the potential for extended brain dysfunction in otherwise normal tissue in poorly controlled epilepsy.
If these findings truly represent LTP saturation, then the effects should be long lasting (at least for several days), mirroring the time course of long-term potentiation.
Similarly, if the changes we have observed are to account for the cognitive disturbance seen after ECT,-or for a consistent inter-ictal cognitive disturbance in epilepsy, then they must last for longer than the 24-48 hour observation period we have used so far. On the other hand, they must also be ultimately reversible given the transitory nature of ECTinduced memory impairment.
The duration of the effects of repeated ECS on LTP
We examined the duration of ECS-induced effects on hippocampal synaptic plasticity by studying a series of separate groups of animals, each group examined electrophysiologically at a different period after repeated ECS applicationi6. We examined five groups in all, a control group receiving handling and anaesthesia only and four ECS groups receiving 10 spaced repeated ECS applications as described above. The ECS groups were studied 1,5, 10 and 40 days after the course of ECS. Measures of LTP induction and EPSP slope were conducted in anaesthetized animals as described above. The impact of repeated ECS on LTP after the various intervals is shown in Fig. 5 . The greatest effect was seen at the earlier time point (after 24 hours) and the least effect at the longest interval (40 days) with progressive recovery seen at intermediate intervals. While mean LTP induction values at 40 days after ECS were lower than control values, they were not significantly different. A statistically significant elevation of absolute EPSP slope could, however, be detected even at 40 days. Taken together, the findings confirmed that the effect of ECS was indeed long lasting, but had a tendency to decrease in magnitude over time as predicted. Again, the clinical characteristics of ECT-induced 
EFFECTS OF REPEATED ECS ON SPATIAL LEARNING
Having established that repeated ECS reliably interferes with hippocampal LTP in rats, it was necessary to show that rats treated in this way also exhibit a learning impairment.
Although it has long been known that ECS interferes with learning and retention in a variety of species, we wished to determine whether repeated ECS, administered by our method, would produce a detectable anterograde impairment in the same task originally used to link synaptic plasticity with learning-the watermaze'. This task evaluates spatial learning ability in the rat, a capacity which is severely compromised by hippocampal damage or dysfunction, and was therefore ideally suited to our purpose.
The watermaze itself (see Fig. 6 ) consists of a large tank of water, 2m in diameter. Just below the surface of the water is a rigid platform, 11 cm in diameter, .in a fixed location in the pool.
Digitizing and tracking by computer Fig. 6 : A diagram of the watermaze showing a rat searching for the hidden platform. Real time tracking of the animal in space is achieved by a computer system which digitizes successive frames from a CCD video camera.
Seizures, memory and synaptic plasticity Although rats are good swimmers, they are motivated to escape from water. When placed in the watermaze pool, rats cannot see the fixed platform, because the water is made opaque with powdered milk. Eventually, however, they will bump into it by chance and scramble onto it. On subsequent trials in the pool, rats actively seek out the platform and find it progressively more quickly, eventually swimming more or less directly to it from whatever position in the pool they are initially placed. Their increasingly successful navigation is directed by cues around the room, outside the pool. The rats eventually come to learn the spatial location of the platform, as measured by the progressive decrease in the time taken to climb onto the platform (latency). As an even more sensitive index of spatial learning, the platform is then removed from the pool, and the now experienced rats allowed to swim for 2 minutes. Those who have learned the spatial location of the platform will spend the majority of their time swimming in the quadrant where the platform had been located-they have developed a 'spatial bias' as a result of their experience in the pool. This procedure has come to be known as a 'probe trial'. Rats with bilateral hippocampal damage perform very poorly on the task: they take significantly longer to reach the platform than control animals, and swim more or less randomly during the probe trial, distributing their time fairly uniformly in all four pool quadrants-such rats have not acquired a spatial bias. These deficits are apparent despite the fact that the rats' motor and perceptual abilities are not compromised by hippocampal lesions. Rats chronically infused intracerebrally with the NMDA receptor antagonist 5-aminophosphonopentanoate (AP5), which blocks hippocampal LTP, are similarly impaired' in a dose-dependent manner'. Accordingly, we examined the effects of repeated ECS on watermaze learning in rats". Rats were randomly allocated to two groups: the first group (ECS, n = 12) received 10 spaced electroconvulsive seizures under halothane anaesthesia, one seizure very 48 hours; the second group (Sham, n = 12) received identical handling and anaesthesia, but no seizures were induced. On the day following the last ECS or sham treatment, training in the watermaze began. The rats were trained over 2 days, receiving nine trials per day. Time taken (latency) to find the platform was recorded for each trial. The platform was removed on the next (third) day, and a probe trial conducted (as described above) to determine the degree of spatial bias acquired by each subject. 357 Rats were allowed to swim for 2 minutes in the absence of the platform, and the percentage of time spent in each of the pool quadrants was recorded. The results of the spatial learning tests are shown in Fig. 7 . ECS-treated rats were significantly retarded in the acquisition of the task when compared with control subjects [ Fig. 7(a) ], and failed to develop a spatial basis [ Fig. 7(b) ], unlike the control subjects. The profile and magnitude of the impairment is very similar to that observed in rats following bilateral selective ibotenic acid lesions of the hippocampus. It is clear, then, that the same schedule of electroconvulsive stimulation which induces long lasting but the next study, we attempted to prevent the effects of ECS on synaptic plasticity using an NMDA receptor antagonist. We chose to use the non-competitive NMDA receptor-associated channel blocker ketamine for two reasons: first, the drug crosses the blood-brain barrier in significant amounts and can therefore be conveniently administered by intra-peritoneal injection; second, the drug is available for clinical use (as the dissociative anaesthetic Ketalar) and might therefore be used in future human studies. We decided to compare the electrophysiologicai effects of repeated spaced ECS under halothane anaesthesia with the effects of ECS induced in the presence of anaesthetic doses of ketamine in rats".
Rats were randomly allocated to four groups. One group (n = 10) received repeated halothane anaesthesia and handling only, while another (n = 9) received repeated ketamine anaesthesia only (100 mg/kg). These groups served as controls. The remaining two groups received repeated spaced ECS (once every 48 hours as before) under either ketamine anaesthesia (n = 9) or halothane anaesthesia (n = 10). The induction of hippocampal LTP was measured in each of the groups 24 hours after the last treatment, as described above.
The amount of LTP induced in each group is shown in Fig. 8(a) . Groups receiving repeated halothane anaesthesia and repeated ketamine anaesthesia only did not differ significantly from one another in this regard. The group receiving repeated ECS under halothane anaesthesia showed a marked reduction in the amount of LTP that could be induced, as expected. However, the animals which had been anaesthetized with ketamine during the series of ECS applications showed similar levels of LTP to that observed in the control groups. Examination of absolute EPSP slope function prior to LTP induction in each group indicated that while animals receiving repeated ECS under halothane anaesthesia showed the previously observed EPSP slope elevation, this did not occur in the animals anaesthetized with ketamine during seizure induction [ Fig. 8(b) ]. Ketamine anaesthesia therefore appeared to preserve LTP function in rats subjected to repeated seizures.
Drugs active at the NMDA receptor site have the .potential, therefore, to prevent the consumption of neural plasticity upon which new memory formation may depend. This in turn may open up new therapeutic possibilities for the attenuation of epilepsy-related cognitive impairment in humans. memory and synaptic plasticity CONCLUSIONS Generalized, electrically induced seizure activity has a profound effect on hippocampal synaptic plasticity in the rat. The effect is cumulative and long lasting (at least weeks), though ultimately reversible. Seizure activity appears to consume the synaptic plasticity available in otherwise healthy brain tissue such that the formation of new memories is disrupted, and may represent a mechanism by which cognitive function is impaired in epileptic humans. The physiological and cognitive effects can be modulated by NMDA receptor-associated channel blockade. This suggests that future therapeutic strategies directed towards the preservation of hippocampal synaptic plasticity may prove effective in the attenuation of epilepsy-associated cognitive impairment. Unfortunately, presently available drugs active at the NMDA receptor site (such as ketamine) can only be used effectively where seizure activity can be precisely predicted, as in electroconvulsive therapy.
